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The a decay of "'Np has been studied by quantitative a singles and a-y coincidence techniques, and

the P decay of "'Th by quantitative y-ray singles and y-y two-parameter coincidence measurements
with semiconductor detectors. Rotational bandheads in 'Pa at 102.30, 174.10, and 183.47 keV are
given the Nilsson assignments [Am(NnzA)]Ig+(651) 2 (523), and ~+(642). Decay schemes
for ' 'Np and "'Th are presented as well as a transition intensity balance for "'Th which includes P
branchings. Energy level spacings and a, P, and y transition probabilities are interpreted in terms of a
strong Coriolis interaction among the even-parity rotational bands and admixtures in the wave functions
are given for the observed levels.

I. INTRODUCTION

The low-lying energy levels of 'Pa and ' Pa
are of particular interest because of the strong
Coriolis forces between a number of states, and
the opportunity to see the effect of these forces
not only on the energy level spacings but also on
the n, I8, and y transition probabilities.

This study on "'Pa energy levels was prompted
by an earlier investigation of "'Np a decay'
which demonstrated distortions in the energy
level spacings and in the n and y transition prob-
abilities. Concurrent with the present study,
Hoekstra and Wapstra, ' in their paper on the en-
ergy levels of "'Pa, also suggested "'Pa might
be similar. The study of "'Np a decay is com-
plicated by the minute o. branching of this pre-
dominately electron-capture activity.

In the present work, which has been reported
in preliminary fashion earlier, ' ' quantitative
a-y coincidence measurements were made on
"Np and quantitative y-ray singles and y-y coin-

cidence measurements on "'Th. Four new ener-
gy levels are observed and two more are assigned

different energies. Reassignments of Nilsson quan-
tum numbers are made for the states at 84.17 and
183.47 keV and a new assignment is made for the
rotational band head at 174.10 keV. An intensity
balance is performed for both P and y transitions

Th decay.
The even-parity energy levels in "'Pa are in-

terpreted with a complete Coriolis calculation and
admixtures in the wave functions are obtained for
each observed state. Although the experimental
ratios of the o., P, and y transition probabilities
to the even-parity states are rather unusual, they
agree reasonably well with calculated results if
Coriolis-mixed wave functions are used.

II. SOURCE PREPARATIONS

"'Np was produced by bombarding 1 g of highly
enriched (94.4/p} "'U with 18-MeV deuterons for
978-pAh in the 88-in. cyclotron at the Lawrence
Berkeley Laboratory. The uranium target was
dissolved in 10 M HCl and adsorbed onto a Dowex
AG1-X8 anion exchange column. Washes with
more 10 M HCl removed the fission products, and
elution of the column with 2.7 M HCl removed the
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Np and Pu and left U on the column. The Np-Pu
fraction was loaded onto another Dowex AG1-X8
anion column in 10 M HC1-0. 1 M HI solution,
washed with the same solution to remove Pu, and
the Np eluted off the column with 2.7 M HCl. The
Np fraction was loaded onto a Dowex AG50-X12
cation exchange column in 0.1 M HCl, and then
the Np was stripped off in 10 M HCl. Any Pa re-
mained on the column. The purified Np fraction
contained 22-h '"Np which grew "'Pu, and made
it necessary to repeat the purification from Pu
two meeks later.

The sample was purified from extraneous mass
by adsorption onto a Dowex AG50-X12 cation ex-
change column in 0.1 M HCl followed by elution
with 2 M and 10 M HCl. At the end of the chemi-
cal purifications, a very thin source of 180 o. dis/
min was prepared by electroplating the purified
neptunium onto a 0.025-mm Pt foil. Another
source of 500 n dis/min was electroplated onto a
0.0025-mm Ni foil. Both sources contained '"Np
as an impurity.

3'Th was prepared by bombarding 500 p, g of
"'Th with neutrons in the University of California
Triga research reactor. The Th target was dis-
solved in 8 M HNO, with a drop of HF and the solu-
tion mas adsorbed onto a Dowex AG1-X8 anion ex-
change column. The column was washed with 8 M
HNO, which removed the rare earths, and then the
Th was stripped from the column with 0.1 M HNO3.

Ce and '4 La, however, were not completely
separated from the thorium by this chemistry.

There was no attempt to separate the rare earths
in the sources used for the y-y coincidence mea-
surements. "'Pa, which resulted from small
amounts of "'Th in the target, was adsorbed onto
a Dowex AG1-X8 anion exchange column in 10 M
HCI as the Th washed through. After the chemi-
cal purification the Th solutions were evaporated
to dryness on 0.025-mm Ni foils.

III. EQUIPMENT AND CALIBRATIONS

A. Np n Singles Measurements
235

The e spectrum of "Np was measured with a
6-mm-diam Au-Si surface-barrier detector with
a full width at half maximum (FWHM) of 14.5 keV.
Because of spurious n-particle groups due to coin-
cidences between the main n-particle groups and
conversion electrons from the intense 84.2-keV
transition, there was some difficulty in observing
low-intensity n-particle groups of "'Np between
5.022 and 5.105 MeV.

A magnetic field of several thousand gauss ap-
plied perpendicular to the emitted conversion
electrons made the spurious e-particle groups
negligible while maintaining the detection geome-

try of 3.5%. The output of the o, -particle detec-
tor, which was operated at room temperature,
was fed through a charge-sensitive preamplifier
and then through various amplifiers to a multichan-
nel pulse-height analyzer.

Energy calibrations were made with the "'Np
impurity in the source and with an external source
of '4'Pu. All the n-particle energies are relative
to 4.787 MeV for z« in Np and 5.123 and 5.168
MeV for "'Pu' z4, and o.„respectively.

B. Np O.-y Coincidence Measurements
235

n particles were detected with a 1-cm-diam Au-
Si surface-barrier detector cooled to -20'C. The
source was 3 mm away from the detector and the
FWHM was =25 keV. The total a spectrum, as
mell as that part used as the coincidence gate,
was recorded in' a 400-channel pulse-height ana-
lyzer during each n-y coincidence experiment in
order to test for any change in the electronic gain
of the e-particle detector system.

The y-ray spectra were detected with a 5-cm'
Ge(Li) detector with a FWHM of 2 keV at 84 keV.
The singles y-ray spectrum was gain stabilized
at the same time that the coincident y radiations
were accumulated in the 400-channel pulse-height
analyzer.

The resolving time of the coincidence circuit
was 80 nsec. The accidental rate, caused mainly
by the U x rays associated with the electron-cap-
ture decay of "'Np, was determined with an addi-
tional 10-p, sec delay on the y-ray side and a pulse
generator of known frequency on the z-particle
side. The shape of the prompt curve of this appa-
ratus and the efficiency as a function of the y-ray
energy were determined from e-y coincidence
measurements with ' 'Cf. The absolute photopeak
efficiency of the Ge(Li) detector as a function of
the y-ray energy was measured with y-ray stan-
dards of known disintegration rates supplied by
the International Atomic Energy Agency in Vienna.

C. Th Singles y-Ray Measurements
231

The y-ray spectrum of "'Th was measured with
a high-resolution Ge(Li) detector with a FWHM of
670 eV at 90 keV. The output of the detector was
fed into a preamplifier' with a cooled field-effect
transistor for the first stage, a high-counting-
rate amplifier, ' a gain stabilizer, ' and finally a
4096-channel pulse-height analyzer. The data
from the analyzer memory were stored on magnet-
ic tape and later plotted by computer.

231D. Th y-y Coincidence Measurements

y rays were detected with two 5-cm' Ge(Li) de-
tectors with a FWHM of 1.3 keV at 122 keV. The
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235IV. Np A-DECAY RESULTS

A. Singles

The
Fi . 1.

o-particle spectrum of "Np is shown in

with the ma'or
ig. . The best peak shape and t 1n ai consistent

e major o.-particle component in the sam-
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groups near the main peak
' "'N
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authors.
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B. n-y Coincidences

Three coincidence measurements were made
between various parts of tho e Np a-particle
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TABLE I. a-particle groups emitted by 2 Np.

cy -partic le
energy (MeV)

Excited state
energy (keV)

Present work

Abundance

(%)

Hindrance
factor

Excited state
energy (keV)

Previous work
(H,ef. 10)
Abundance Hindrance

(%) factor

5.105+0.003
5.097 + 0.003
5.048 + 0,002
5,022 + 0,002
5.004 + 0.004
4,994+ 0.004
4.937+ 0.006
4.922 + 0.002
4.859+ 0.003
4.806*0.007

0
8

58
84

103
113
171
186
250
304

1.5 + 0.2
02
1.8 + 0.3
53+8
24

6
~0 6
11.5+ 0.5
0.7 + 0.1

~0

5.1x 10~

3.4x 103

1.8x10'
4.3
7
2.5x 10
1.0x 102

4.4
2.7x 10

8x 10

84

176
238

3.8

83.6

11.8
0.8

2.5x 10

3.3

6.1
3.5x 10

spectrum and the y-ray spectrum. The coinci-
dent y spectra, are shown in Fig. 1 and the ener-
gies and intensities are given in Table II.

In one experiment the n-particle gate com-
prised a11. "'Np n-particle groups between o.,
and o.3O4. y rays of 81.2, 84.2, 102.2, and 110.8
keV are reasonably well defined in this spectrum.
Other transitions at 58.5, 125, 165, and 185 keV
are less certain. Limits of 0.0V'%%up and 0.00V/g,
respectively, can be placed on the abundance of
y rays at 90 and 174 keV. These limits are of
importance in the decay-scheme analysis which
will be discussed later. After removing the con-

tribution of accidental coincidences (shown by the
dashed lines) from the (90- 100)-keV radiation
and smoothing the resulting points, there are
peaks at 96 and 92 keV which are presumably the
Pa Ke, and Ee, x rays. The intensity of the 110.8-
keV transition has had the Pa KP x rays removed
as well as accidental coincidences. There is a
dubious residue of counts centering at around
92.2 keV which remains after removing all the
radiations including Pa K x rays.

Coincidences between y rays and e particles in
the ranges 4.959-5.106 MeV (o.», - o.,) and 4.865-4.944 MeV (o.»,- n», ) were measured for sever-

TABLE II. y rays measured in coincidence with 2
Np e particles.

y-ray energy
(keV)

u gate
(ke V)

Intensity per e
gate (%) n group

Intensity
per Q group

(%)

58.5 + 0.4
81.2+ 0.2
84.2+ 0.1
92.2+ 0.4 &

102.2+ 0.4
110.8 + 0.4

125+1
165+1
185 +1

58.5 + 0.4
84.2+ 0.2
81.2+ 0.3
84.2 + 0.2
92 4~0 4c P

102.8 + 0.4
110.8+ 0.6

126 + 2?

O'3O4 ~O

~A&3 &o a

~'L se +171,b

0.6 + 0.2
1.5 + 0.1
6.9+ 0.4

0.10+0.05
0.30 + 0.06
0.09+0.03
0.07 + 0.03
0.05 + 0.03
0.04 + 0.03
0.72+ 0.24
6.4 + 0.5
11+2

6.4 + 0.8
1.0+ 0.5
1.2 ~ 0.4
0.8+ 0.3
0.3 + 0.2

&s4

~&&3 ~S4
G'ts6

~ts6

0.75+ 0.25
6.7+ 0.5
16+3

6.4+ 0.8

27 +14
0.4 + 0.3

' Gate composition: no{2%), &~s(2%), &113 ~s4(96"«te «mposition: &g(3-&s4f(25+3)%j. o'fuff(3+1)%] ~gsef(69+3)%1. Q'25o(-3%)
c Not shown in Fig. 1(c).
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al weeks. The selected gate regions are indicated
in the singles a spectrum shown in Fig. 1. y rays
at 58.5 and 84.2 keV were observed in coincidence
with (n», - n, ). The 84.2-keV y ray has been pre-
viously shown to originate at an 84.2-keV state
which receives very high n-particle population. "
The intensities of these two y rays have been cor-
rected for the fraction of the decays of the 37-p, sec
level which did not occur within the resolving time
of the circuit. If it is assumed that all the z-parti-
cle groups contained in the gate, except (o.»- o.,),
populate states which decay through the 84.2-keV
level, the intensity of the 84.2-keV y ray per
event populating that level was found to be (6.7
+ 0.5)%. The 58.5-keV y ray presumably origi-
nates at the 58-keV state found to be populated
by o, particles. This state is populated in high in-
tensity from the 84.2-keV level through a 25.'7-

keV F.1 transition. " The intensity of the 58.5-keV
y ray per (n», - n„) decay is (0.75+ 0.25)%.
Therefore, if this state decays only to the ground
state, the 58.5-keV transition is almost complete-
ly converted, consistent with the E2 assignment
from "Th decay-scheme studies. "

The y-ray spectrum in coincidence with (n,«
-a», ) shows peaks at 81.2, 84.2, 102.8, 110.8,
and a very weak one at about 126 keV. The re-
gion of 92 to 96 keV is congested and has poor
statistics. After removing accidentals and the
maximum Pa K x-ray intensities, there is still
a residue left centering at 92.4 keV. The intensity
of this residue relative to the 110.8-keV radiation
is roughly the same as found in coincidence with
all n particles.

The intensity of the 84.2-keV y ray per (n,«
—n, ) was (6.9 + 0.4)%%uo. After a 4%%uo correction for
the a-particle groups which bypass the 84.2-keV
state, the intensity of the 84.2-keV y ray per popu-
lation to the 84.2-keV state is (7.3+0.4)%%uo. To-
gether with the value (6.7 +0.5)% deduced from
the (n», » o,,) coincidence measurements, the
best value for the fraction of the 84.2-keV state
which deexcites by an 84.2-keV y ray is (7.0
a 0.3)%%uo. This is in good agreement with the value
(7 2 + 1 0)%%uo found by Asaro et al."for the absolute
intensity of this y ray in "'Th P decay and con-
firms their deduction that nearly all of the "'Th
P decay feeds the 84.2-keV state.

%e will now show that the 81.2- and 84.2-keV y
rays must be in coincidence with each other, with
the 81.2-keV y ray preceding the 84.2-keV y ray.
The intensity of the 84.2-keV y ray in coincidence
with (o.», - n», ) shows that at least 78'%%uo of the
183.4-keV level decays through the 84.2-keV state.
An 81.2-keV M1 transition has been previously ob-
served in the decay of 3 Th. If the 81.2-keV
y ray observed in the n decay of "'Np is the same

I

as that detected in the decay of "'Th, the intensi-
ty of the 81.2-keV transition per (n,«- o.»,) de-
cay calculated with the theoreticalM M1 conver-
sion coefficient is (98+13)%%up. Therefore the 81.2-
keV transition must be in cascade with the 84.2-
keV transition. As there was no 81.2-keV y ray
detected in coincidence with (c.», -n, ) (&0.1%), it
must precede the 84.2-keV y ray. Either it decays
first to a 165.4-keV state from the 183.4-keV lev-
el by an 18-keV transition and thence to the 84.2-
keV state, or first to a 102.2-keV state and
thence to the 84.2-keV state. As there is a y
ray of 102.8 keV in coincidence with Ny86 RIll no
detectable 165-keV radiation, the latter possibil-
ity seems most likely. Indeed, it will be shown
in the "Th decay measurements that the 102.8-
and 81.2-keV y rays are in coincidence. The K
x rays and the possible 165-keV y ray observed
in coincidence with all the o. particles are not de-
tected in coincidence with Qyse and are probably
in coincidence with n», An up.per limit of 0.015%
per (o.», —n«) decay can be set from our data on
the intensity of any coincident 102-keV y ray. It
will be seen from the coincidence work on "'Th
that (3.0+ 0.4)% of the 102.2-keV level decays by
a 102.3-keV y ray. Therefore the maximum di-
rect n-particle population to the 102.2-keV state
is 0.5%%u~, and there must be another close-lying
state at =102 keV receiving at least 23% n-parti-
cle population. The existence of such a state is
i,ndicated by previous work 3' 4 on ~Th decay as
well as experiments which will be described
shortly.

V. Th y-RAY SPECTRA

A. y-Ray Singles

A y-ray spectrum taken with the high-resolution
detector is shown in Fig. 2 and the y-ray ener-
gies and intensities are given in Table III. Also
included in this table are data of Holtz" from p-
ray and electron spectroscopy measurements.
The spectrum was started right after the chemi-
cal separation was completed. The sample was
placed 5 cm from the detector and there was no
significant external absorber.

The high resolution of the detector enabled us
to observe 93.0- and 105.73-keV y rays which had
not been seen before, and this part of the y-ray
spectrum is shown in more detail in Fig. 3. These
radiations could not be the Kn, and KPy x rays of
Th due to self-excitation because there is no detect-
able Th Kp, x ray at 104.8 keV. The maximum
contribution of Th K x rays is only 20%%uo of the
abundances of either the 93.0- or 105.73-keV y
rays.

The y rays with energies greater than 200 keV
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TABLE III. ~~Th y-ray energies and relative intensities.

Energy
(keV)

(25.65)
42.80 + 0.06
44.1 +O.3'
58.47 + 0.05
63.7 +0.2'

72.66 + 0.06
73.O ~0.1'

This work
Belative
intensity

202 +20
0.87 + 0.10
0.06 + 0.04
7.2 ~0.7
0.68 + 0.14

4.0 +0.4
0.10 + 0.04

Energy
(1 eV) ~

17.21 ~

18.07
25.6
42.8

58.54
63 79c
68.5O'
72.7

Previous work
(Bef. 14)

Belative
intensity

0.7

Multipolarity "

E2
Ml+E2

E2

81.18 + 0.05
82.02 + 0.06

(84.17) d

89.94 ~ 0.05
92.23 + 0.05(Pa En 2)
93,0 + 0.1
95.87 + 0.05(Pa E~,)

99.30 + 0.05
102.30+ 0.05
105.73 + 0.10
106.58 + 0.10
107.62 *0.1O(Pa Ep, )
108.49+ 0.10(PaEPg+ EP))
111.59+ 0.10(Pa Ep2)
112.46 + 0.10(Pa E 0)
115.5 ~0.2
116.91~ 0.05
125.10 ~ 0.05
134.14+ 0.08
135.77 + 0.06
136.78 + 0.20
145.15+0.30
146.00 + 0.07
163.16+0.06
164.94 + 0.10
169.58+ 0.10
174.19+0.08
183.47 + 0.07
188.77 + 0.20
218.00 + 0.07
236.17 + 0.07
240.4 +0.2
242.6 + 0.1
249.8 + 0.3
250.5 + 0.3
267.80+ 0.07
308.9 +0.3
311.0 + 0.1
318.0 + 0.4
320.2 + 0.3

14.2 + 1.4
7.2 +0.7

100
15.3+1.5
6.0 ~0.6
0.50 + 0.05
10.3+1.0
2.1 +0.2
6.7 + 0.7
0.14 + 0.02
0.34 + 0.04
1.29 + 0.14
2.43 ~ 0.24
0.9 +0.1
0.34+ 0.04
0.04 ~ 0.01
0.39 ~ 0.04
0.95 + 0.09
0.42 + 0.05
1.3 ~0.1
0.09 ~ 0.03
0.12 + 0.03
0.58+ 0.06
2.6 +0.3
0.06+ 0.03
0.03 ~ 0.01
0.31+ 0.03
0.57 + 0.06
0.08 ~ 0.01
0.67 ~ 0.07
0.18 + 0.02

0.0050 + 0.0005
0.0130*0.0006
0.010 + 0.002
0.011 + 0.002
0.0230+ 0.0006
0.008 + 0.001
0.054 + 0..005
0.0020 + 0.0002
0.0035 + 0.0003

76 04c
81.22
82.07
84.20
89.94

99.27
102.2

106.8

112,6
115.4 P

116.8
124.9
134.0
135.66

145.90
163.10
164,7

174.1
183.4
188.7
218.0
236.1

249.8

267.8

13
7

100
15

0.34

0.29
0.03
0.38
1.0
0.42
1.3

0.5
2.4
O. 13

0.29
0.5
0.05
0.6
0.13

0.017

0.02

Ml
Ml
El
El

E2 +Ml
El

Ml
Ml

Holtz did not reportE x-ray energies and abundances. He interpreted the 112.6-keV radiation as a y ray.
From Befs. 13 and 14.
Only observed in electron spectroscopy by Hollander et al. (Bef. 13).
Energies in parentheses were used as standards and taken from Bef. 13.
These y rays were only observed by us in coincidence experiments.
See Sec. B3.
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were measured in another experiment with the
"'Th source much closer to the detector and with
a 0.015-mm Pt absorber. Eight spectra were tak-
en for 6 h each. The spectra were summed to ob-
tain the best y-ray energies and abundances. Then
the half-lives of nearly all the y rays above 200
keV were determined from the component 6-h
runs. The best energies and half-lives are given
in Table IV.

The assignment of the 240.4-, 318.0-, and
320.2-keV y rays to "'Th is somewhat question-
able because they decay with half-lives slightly
different than 25.5 h, the half-life of "'Th. How-

ever, these three y rays are so weak that the in-
accuracy of the experimental intensities could be
responsible for such a disagreement.

y rays of 308.9 and 311.0 keV were found to de-

cay with the "'Th half-life. A y ray of =310 keV
was previously observed by Baranov et al." y
rays from "'Pa, ' 'Ce, and '"La observed in our
spectrum indicate that these elements were not
completely separated in the chemical purifica-
tion of the source. All y-ray energies in our sin-
gles measurements were relative to the value of
84.17 keV for the 84-keV y ray. This value has
been previously obtained from high-resolution
electron spectroscopy measurements by Hollan-
der et al."

B. y-y Coincidence Measurements

These measurements were made with a multi-
dimensional analyzing system described earlier.
The y-ray analysis was started after the conclu-
sion of the chemistry and lasted for two days. We
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FIG. 2. 23~Th y-ray singles spectrum.
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keV y ray from his conversion-electron spectra.
As he did not observe the conversion electrons of
the 93.3-keV y ray, their intensity may well be
smaller than those of the 102.3-keV y ray which
he did see. With Holtz's value of 0.17 for the L
conversion coeffici.ent of the 102.3-keV transition
and the relative intensities of the 93.3- and 102.1-
keV y rays from odr coincidence and singles mea-
surements, the L conversion coefficient of the
93.3-keV transition is then &2. The theoretical
M1, E1, and E2 conversion coefficients" are 4.1,
0.11, and 12.8, respectively, so the 93.3-keV
transition probably has E1 multipolarity.

be 7.0% of the events populating the state. The
163.16-keV y ray was chosen as a gate in this
measurement because the Compton background
under the peak is relatively low.

3. y&&8 -y Coincidences

The spectrum in coincidence with a 225-keV
gate of the same width as the 218-keV gate was
measured to estimate the coincidences due to the
Compton continuum under the 218-keV y ray, and
the values in Table V have been corrected for this
effect. The 218.00-keV y ray populates the 102.30-
keV state which deexcites predominantly through
the 84.17-keV state, rather weakly to the ground
state via the 102.1-keV y ray and very weakly to
an excited state at 9.3 keV via the 93.3-keV y ray.

Holtz' assigned an E1 multipolarity to the 102.1-

4. (yz~ + y8z) -y Coincidences

Nearly 30%%up of the gate spectrum was due to the
84.2-keV y ray, and this made the determination
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posite (81+82)-keV radiation. The 183.47-keV
level feeds the 84.17-keV level by 81.2-, 82.0-,
and 99.3-keV y rays as indicated earlier. These
y rays have an effective average conversion co-
efficient of 8,"and their total transition intensity
is then 17% per 84.2-keV y ray (see Table V). If
the abundance of the 63.7-keV y ray observed in
coincidence with y«[(0.048 + 0.016)%j is divided
by 17%, the value (0.28 + 0.10)% is obtained. This
should be the abundance of the 63.7-keV y ray per
composite (y„+y„) gate if it completely precedes
these transitions, and it is indeed in good agree-
ment with the measured value (0.30+ 0.06)%%uo.

of intensities and the detection of the 93-keV y
ray difficult. Another coincidence measurement
was made in which the (81+82)-keV gate contained
much less 84.2-keV y ray, and this spectrum is
shown in Pig. 4(c).

The 81.2-keV y ray populates the 102.30-keV
state which gives rise to the 84.2-, 102.4-, and
93.1-keV y rays as discussed under 218-keV y-y
coincidences. The 82.1-keV y ray populates the
101.38-keV state which deexcites to the 84.17-keV
level. We can show from the coincident abundance
of the 63.7-keV y ray, that it is equally coinci-
dent with both the 84.2-keV y ray and the com-
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Therefore we assume the 63.7-keV y ray popu-
lates the 183.47-keV state from a 247.33-keV lev-
el. Conversion electrons of this transition have
been previously observed, " "and it has been as-
signed a predominantly M1 multipolarity.

A y ray at 136.4 keV is appreciably more intense
and different in energy from the 135.7-keV y ray
which is in coincidence with the 84-keV radiation.
Although it could arise in part from backscatter of
the 218-keV y ray, a comparison of the spectrum
in coincidence with =76-keV radiation indicated
less than 20% of the residual 136.4-keV radiation
could be due to this effect. This y ray deexcites
from a state at 320.31 to that at 183.47 keV. By
similar reasoning to that given for the 63.7-keV
y ray, it can be shown that the coincidence intensi-
ty is consistent with the singles intensity for the
1'36.4-keV y ray.

yq0-y Coincidences

The 89.9-keV y ray deexcites from the 174.10-
keV state to the 84.17-keV level. The 44.11-keV

y ray is assumed to be the rotational transition
from the 218.28-keV level to that at 174.10 keV.
The 73.0-keV y ray observed in this spectrum was
first thought to be due to coincidences between
the 72.7-keV y ray and the Compton tails of other
y rays. However, this y ray was not seen in co-
incidence with a gate composed mainly of the Pa
Ka, x ray at 92 keV and therefore is not a spuri-
ous effect. The 73.0-keV y ray was placed in the
decay scheme as a transition from the 247.33-
keV state to the 174.10-keV level. This was con-
firmed by measuring the y-ray spectrum in coin-
cidence with y», .

6. y&z &-y Coincidences

The gate contained a large contribution of Comp-
ton tails from other y rays. In order to correct
for this effect, the spectrum in coincidence with
a gate at about 76 keV was measured.

The 73.0- and 72.7-keV y rays were detected in
one unresolved peak in both detectors in the coin-
cidence measurements; therefore the intensity

TABLE V. 23~Th y-7 coincidence results.

y-ray energy
(keV)

Intensity per
y gate (%)

y-ray energy
(kev)

Intensity per
p gate (%)

63.7 + 0.2
72.5 + 0.1
81.1+0.2
82.1~0.2
89.9+ 0.1
99.4 + 0.2

116.9+ 0.1
134,1+0.2
135.7 + 0.2
146.0 + 0.1
163.1+ Q.1
218.0 + 0.1
236.3+ 0.2

84-keV y gate

0.048 + 0.016
0.40 + 0.16
1.12+ 0.16
0.57 + 0.12
1.20 + 0,16
0.16+ 0.04

0.032+ 0.016
0.032 + 0.016
0.10+ 0.04

0.040 + 0.016
0.18+ 0.05
0.05+ 0.04

0.007+ 0.004

102.4 + 0.1

136.4 + 0.2

44.1+ 0.3
58.5+ 0.1
73.0 + 0.1
84.2 + 0.1

(81+82)-keV y gate~(Continued)

0.23+ 0.04 (per pa&)

2.1 + Q, 4
3.1+0.6 (per y&~)

0.05 + 0.02

90-keV y gate

0.24 + 0.16
0.56 + 0.16
0.40 + 0.16
7.4+1.2

(72.7+ 73.0)-keV y gate

84.0 + 0.1
93.3+ 0.3

102.1+ 0.1

218-keV y gate

6.6+ 0.8
0.38+ 0.22
3.0+ 0.4

58.5 ~ 0.2
72.8 + 0,2
84.2 + 0.1
89.9+ 0.1

102-keV y gate

0.50 + 0.16
0.36 ~ 0.06 '
6.5 ~ 0.8

1.12+0.32

42.6+ 0.5 b

58.5 + 0.1
63.7+ 0.2
84.2 + 0.1
93.1+ 0.2

(81+82)-keV y gate '
0.12 + 0.10
0.36+ 0.30 (per y82)
0.72 + 0.16
0.30 + 0.06
8.0+ 1.6

0.15+ 0.03

81.2 + 0.1
137.0 + 0.3
145.2+ 0.3
218.0 + 0.2

7.1+0.6
0.03 + 0.01
0.04 + 0.01
0.32+ 0.16

Not shown in the spectrum of Fig. 4(c).
Abundance y8&/abundance F82 = 2.
This intensity has been divided by 2 as the energy was included in the gate.
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+73 per 100 y,&, events obtained from the coin-
cidence spectrum is twice the real intensity. The
actual intensity of this y ray is consequently (0.36
+0.06)% which is about the same as found in coin-
cidence with y,n [(0.40+ 0.16Pe]. We conclude
therefore that the 73.0-keV y ray definitely de-
excites through the 174.10-keV state.

The intensity of y, 4 in this coincidence measure-
ment shows that (93+ 12@0 of the 101.38-keV state
decays through the 84.17-keV level.

yqgq -y Coincidences

The 81.2-keV y ray was observed in the coinci-
dence spectrum and the 82.1-keV y ray was not,
which is consistent with the former populating the
102.30-keV state and the latter populating the
101.38 level.

The 135.7-keV y ray, which we assume deex-
cites from the 247.33-keV state to the 111.62-keV
level, was not observed in this measurement and

, a limit of 0.015% could be placed on its abundance.
Consequently less than 2.5%%ue of the 111.62-keV lev-
el deexcites through the 102.30-keV state. As the
ratio of the intensities between the 81.2- and 218.0-
keV y rays in this coincidence experiment is the
same as in the singles measurement, all of the

latter y ray must deexcite through the 102.30-keV
level. The abundance of the 145.2-keV coincident
y ray corresponds to (75+ 30P/e of the singles in-
tensity and therefore is consistent with all of the
singles y-ray intensity populating the 102.30-keV
state. It is tempting to assume that the 145.2-keV
y ray is an E2 transition between the 247.33- and
102.30-keV states. No conversion lines of the
145.2-keV transition were observed in the ap-
propriate intensity by either Hollander et al."
or Holtz' even though those of the 146.0-keV
y ray were seen. Therefore the 145.2-keV y ray
may possibly be an E1 transition. The 137.0-keV
y ray observed in this coincidence measurement
has an intensity consistent with that of the singles
measurement.

VI. Np n DECAY SCHEME

An a decay scheme based on our work and pre-
vious results"" "is shown in Fig. 6.

The ground state of "'Pa has a measured spin"
of ~ and it has been interpreted by Stephens,
Asaro, and Perlman" as the I = ~ member of an
odd-parity K= T rotational band.

A 58.5-keV level was found to be populated by
Coulomb excitation of "'Pa" in the P decay of
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FIG. 6. Np a. decay scheme.
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"Th" "and in the electron capture of 'U. ' A
highly converted 58.5-keV y ray which deexcites
this level has been observed in the present work.
There was no attempt, however, to detect the 25-
keV y ray previously observed by Gindler et al. ,

"
which populates the 58.5-keV level through the
84.2-keV state. The 58.5-keV state has been in-
terpreted by Hollander et al."as the I= Y mem-
ber of the T —(530) ground-state rotational band.

The state at about 8 keV populated by n, is prob-
ably the I= I member of the ground-state rotation-
al band. A more accurate energy for this state,
9.3 keV, is obtained from the P decay of "'Th.

From "'Th P decay the I= 7 member of the
ground-state rotational band was found at 77.8
keV. n-particle population to this state was not
observed but it could easily be masked by the very
intense n-particle group which populates the 84.2-
keV state.

The 84.2-keV state receives the most intense
n-particle population and it has been previously""
assigned as the spin- T member of the T + (642)
¹ilsson orbital. This assignment was consistent
with the existence of a favored e transition to this
level with a hindrance factor of 3.3." Vfe found
in this work, however, that both the 84.2- and
183.4-keV states are populated by apparently fa-
vored n-particle groups with about the same low
hindrance factors (4.3).

The 102.2-keV state is not directly populated by
n-particle emission but receives population
through the 183.4-keV level by means of the 81.2-
keV transition. The 102.2-keV level decays al-
most entirely to the 84.2-keV state, but a small
fraction goes directly to the ground state by a
102.2-keV y ray. This y ray was previously ob-
served in the P decay of "'Th by Hollander et al."
and by Holtz, "who assigned an E1 multipolarity
to it and an even parity to the 102.2-keV state.
From our measurements on "'Th decay we have
assigned a spin T and the ¹ilsson orbital T + (651)
to this level. There is no detectable a-particle
population to the 102.2-keV state but there is an-
other close-lying state at 103+4 keV which re-
ceives at least 23%%uo of the o.-particle population
of "'Np. This latter state is very likely the same
as that at 101.38 keV found in "'Th decay. It is
probably the I=7 member of the T+(651) rota-
tional band, and the states at 84.2 and 113 keV
are the I= & and probably —,

' members, respective-
ly, of the same rotational band. The best energy
for the 113-keV state is 111.62 keV from "'Th
decay. A 110.8-keV radiation was observed in
coincidence with all n particles and with n-parti-
cle gates in the region of eI86 cx$7$ We believe
this y ray is the transition between the '-,' and $
members of the ground-state rotational band. The

best energy of the I='-,' state, 169.3 keV, is in
good agreement with the energy obtained from the
a -particle spectrum.

A -185-keV y ray was observed in coincidence
with the total "'Np e spectrum and also with a», .
This is probably the same as the 183.4-keV y ray
detected in "'Th decay, which defines a state at
that energy. This state must decay predominantly
through the 84.2-keV state as shown from the
"'Np o.-y coincidence measurements, and is very
likely the band head of the &+ (642) favored rota-
tional band. The assignment is consistent with
the low hindrance factor (4.4) of the n-particle
group which populates this level. States at 250
and 304 keV populated by n-particle groups with
relatively low hindrance factors are very likely
the I= ~ and & members of the same rotational
band. A strong Coriolis coupling of this band with
the ~+ (651) introduces large admixtures of the fa-
vored band in the states at 84.2, 103+4, and 113
keV, leading to an intense n-particle population.
The I= ~ state at 102.2 keV is not mixed with the
favored state and consequently does not receive
appreciable o.-particle population (~0.5$).

The energy spacing and the inversion of the I
= ~, ~, and ~ levels in the K= & rotational band
is also a consequence of the Coriolis interaction
with the even-parity rotational bands, as it will
be shown later. This interpretation has been pre-
viously suggested by Hoekstra and Wapstra' based
on the similarity with the energy levels in '"Pa."

VII. Th DECAY SCHEME

The decay scheme of "'Th has been previously
studied by Baranov et a/. ,

"Hollander et al. ,"
Asaro et al. ,

"and lately by Holtz. '
Most of the decay of '"Th populates the level

at 84.17 keV directly or through intermediate
states. This state deexcites to the ground-state
rotational band, "' by means of 84.17- and 25.65-
keV E1 transitions.

The 102.30-keV state decays to the ground state
and to a 9.3-keV level by El y rays of 102.30 and
93.0 keV, respectively. As the parity of the ground
state is odd, the parity of the 102.30-keV state
is therefore even, and that of the 9.3-keV level
is odd. If we assume that this latter state is the
I= —,

' member of the ground-state rotational band,
spins of —,

' and —,
' are possible for the 102.30-keV

level.
The 101.38-keV state decays to the I= ~ mem-

ber of the ground-state rotational band at 58.47
keV by a 42.80-keV E1'4 transition and hence has
even parity. As a possible 101.4-keV y ray from
the decay of this leve. l to the ground state was not
observed, the spin of the 101.38-keV state is
either -', or &.
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The 183.47-keV state populates both the 101.38-
and the 102.30-keV states by M1 y rays, and
therefore it must have a spin of -', and even parity.
Consequently the 102.30- and 101.38-keV levels
have spins of —,

' and —,', respectively. We found
from our y-y coincidence measurements that
these two states deexcite to the 84.17-keV level.
The conversion electrons of the corresponding
18.07- and 17.21-keV transitions were observed
by Hollander et al." The decay patterns of the
&4.17-, 101.38-, and 102.30-keV states are con-
sistent with the expectations for a K= Y rotational
band if the 102.30-keV state is the band head, and
the I= & and ~ members are at 84.17 and 101.38
keV, respectively. We assigned the Nilsson orbit-
al z+(651) to this rotational band, and the orbital
~+(642) to the spin-T state at 183.4't keV.

The state at 247.33 keV is deexcited by M1' y
rays of 146.00 and 163.16 keV which populate lev-
els at 101.38 and 84.17 keV, respectively, and by
a 135.77-keV y ray which populates the 111.62-keV
state. If we assume that this latter state is the
I= —,

' member of the -', + (651) rotational band, then
the 247.33-keV state must have even parity and a
spin of —,. From the a decay of '~'Np we have in-
terpreted this state as the I=-,' member of the

-', + (642) rotational band.
The anomalous order and spacing of the levels

at 84.17, 101.38, and 102.30 keV as well as the
large energy separation between the I= —,

' and —,
'

states at 183.38 and 247.33 keV are due to the
Coriolis mixing of the even-parity rotational
bands as will be explained in detail in Sec. IX.

A 174.10-keV odd-parity state, defined by an
E1 y ray of 89.94 keV which populates the 84.17-
keV state, has been previously observed by other
authors. "'~ This state also decays to the ground
state by a 174.19-keV y ray.

A new odd-parity state was observed at 218.28
keV. This state is deexcited by an E1 y ray" of
116.91 keV which populates the 101.38-keV level,
and by y rays of 134.14 and 106.58 keV which
populate the 84.17- and 111.62-keV states, re-
spectively. The states at 174.10 and 218.28 keV
are probably the band head and the I= —,

' member,
respectively, of the —,

' —(523) rotational band.
This assignment is consistent with the energy
spacing between the two states, 44.2 keV. This
agrees well with values found for the same orbit-
al' in '"Np (42.6 keV),"'"Np (43.4 keV),"and"Np (43.1 keV). '"'»

States at 320.31 and 351.97 keV observed before
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TABLE VI. 3 Th transition intensity balance. Abundances are per total P-decay processes.

Energy of
state
(keV)

Transitions into levels
Energy Abundance

(keV) (%)

Transitions out of levels
Energy Abundance

(ke V) (%)

Logft
for P
decay

9.3

58.47

84.17

101.38

102.30

174.10

183.47

P
68.5
93.0

308.9
311.0

P
25.65
42.80

115.50
125.10
188.77
19.3?

P
105.23
169.58
240.4
242.6

[6.4] '
P
17.21
18.13
89,94
99.30

163.16
236.17
267.8
134.14

P
72.66

116.9
250.5
146.0
82.02
[0 9]

P
81.18

218.0
249.8

P
44.0
73.0

P
63.8

136.78

&10

&10
0.5
0.040
0.0007
0.006

&8

72.5
0.13
0.04
0.084
0.006

&16

&10
0.011
0.003
0.0007
0.002

&11

63
17
15
1.2
1.8
1.2
0.02
0.002
0.036

~11
0.36
0.037
0.0007
0,33
4.7

[&3..5] '
6+3
9.2

~0
0.001

1.3 + 0.3
0.4
0.009

14.9+ 1.7
0.94
0.03

[9 3]'

58.47

68.5
19.3?

25,65
84.17
[6 4]'

42.8
17.21

0.9] '
18.13
93,0

102.3

89.94
72.66

115.50
174.19

81.18
82.02
99.3

183.47
125.10
105.73

[&10]'

0.6
&16

72.5
26.3

&11

0.13
17

[&1.5] '
15
0.040
0.53

1.2
0.36
0.04
0.12

9.2
4.7
1.8
0.044
0.084
0.011

&6.8

&6.8

&6.5

&6.5

5.6

6.8

5.66
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TABLE VI (Continued)

Energy of
state
(keV)

Transitions into levels
Energy Abundance
(ke V) (%)

Transitions out of levels
Energy Abundance
(ke V) (%)

Logft
for P
decay

218.28

247.33

0.5+ 0.4

3.3+ 0.4

44.0
106.58
116.9
134.14

63.8
135.77
146.0
163.16
169.58
188.77

73.0

0.4
0.026
0.037
0.036

0.94
0.79
0.33
1.2
0.003
0.006
0.009

6.8

5.73

' These transitions in brackets were not experimentally observed but inferred.

by Holtz" have been seen also in this work. Un-
fortunately the experimental data available are not
sufficient to make any definite assignment. The
decay pattern of these levels, however, suggests
that they have spins of —,

' and —,', respectively.
y rays of 240.4, 242.6, 169.58, and 105.73 keV

which, respectively, deexcite states at 318.2,
320.31, 247.33, and 183.47 keV, define a level at
77.8 keV. This latter state is very likely the I
=--,' member of the ground-state rotational band
which had been previously placed at 76.04 keV by
Hollander et al."

A decay scheme based on this work and previous
results"" is shown in Fig. 7.

VIII. Th P POPULATIONS AND

TRANSITION INTENSITY
BALANCES

The p PoPulation to the various states which are
deduced in this section and the y-ray energies and
total transition abundances which populate and de-
populate these states are shown in Table VI.
%here no explanation is given, the y-ray ener-
gies, abundances, and multipolarities from Ta-
ble III were used along with theoretical conver-
sion coefficients. '6 The multipolarities of the ob-
served y rays with energies between 218 and 320
keV are probably either P1 or MI. As a rule
these have a negligible effect in the transition in-
tensity balance and we have used average values
for the E'1 and M1 theoretical conversion coeffi-
cients" to calculate the transition intensities.

(a) Ground state. It has been previously report-
ed that essentially all of the P-decay processes
go through the 84-keV level. " Although our mea-
surements alone can be used to deduce relative
P intensities to the levels in "'Pa from 84 keV

and higher, they shed very little light on the P
populations to the low-lying states. If we com-
bine our value of the fraction of the 84.17-keV
level which deexcites by the 84.17-keV photon,
(7.0+ 0.3)%, and the value found by Asaro et al."
for the intensity of the 84-keV photon per P decay,
(7.2+ 1)%, we can obtain limits on the p popula-
tions to the low-lying states in "'Pa. The abun-
dance of the p transitions which bypass the 84.17-
keV state is then (-3+ 14)% or &11% of those tran-
sitions which eventually feed the 84.17-keV level.
From the decay scheme, the y transitions which
bypass the 84.17-keV state amount to -1/o. There-
fore the total P population to the ground and first
three excited states should be less than 10/o of
the P's which feed the 84.17-keV level.

(b) 9.3-ke V state. The P population must be
less than 10/o to this level as discussed above.
The 68.5-keV transition populating this state has
only been observed" "by its conversion elec-
trons. The relative intensity (0.6%) of the conver-
sion electrons of this transition to those of the
58.5-keV transition was taken from Hollander et
al." The depopulation of this state is 0.5% plus
any direct P population, and therefore is less than
10%. The 9.3-keV transition has not been detect-
ed yet.

() &8.4~-ke V state. As given earlier in the
ground-state section, the p population to this state
is less than 10/o. There are two other ways of
determining this abundance. From the coincidence
measurements with the 72.66-, 81.18-, 89.94-,
and 163.16-keV y rays as gates, the average ra-
tio between the abundances of the 58.3- and 84.2-
keV y rays was (7.7+ 1.0)%. Any direct p popula-
tion to the 58.47-keV level or transition popula-
tions which bypass the 84.17-keV state will cause
this ratio to be larger in the singles measurement.
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From the singles value of (7.2+ 0.7)%, the p popu-
lation feeding the 58.47-keV state while bypassing
the 84.17-keV level is (-7+ 17)%%up of the decay to
the 58.47-keV state. As the 58.47-keV transition
represents 80'%%uo of the total decay, the maximum
abundance of direct P decay to the 58.47-keV
state is 8% for 2 standard deviations.

A third way of determining the maximum P
abundance is from the transition intensity balance.
The total transition intensity out of the state is
'l9%%uo. The major input transition is the 25.65-keV
transition. Although this transition probably has
a small anomaly" in its L„L~, M„and M& con-
version coefficients, the ratios of total L to L~"
and total M to Mz ""conversion coefficients are
only about 3%%uq smaller than the theoretical val-
ues." We assume a conversion coefficient of
4.18 which is 97/o of the theoretical value for the
25.65-keV transition. The difference between the
25.65- and 58.47-keV transition intensities is
(6.9+9)% or &16% for 2 standard deviations. This
limitation applies to the sum of any direct p de-
cay and also population of the 77.8-keV state fol-
lowed by deexcitation of a 19.3-keV transition.

Baranov" has reported electrons of a 19.8-keV
transition but did not give any intensity informa-
tion. Hollander et g/. " found unassigned lines
which could correspond to M„O„and N, conver-
sion electrons of a 19.14-keV transition in "'Th
decay, but did not observe these lines in "'U de-
cay in a weaker exposure. The abundance of this
transition is &0.5%%uo if the M, line is correctly as-
signed, and &4. 5%%uq if the 0, is correctly assigned.
The upper limit comes from the intensity balance
and is &16% just as discussed in the preceding
paragraph.

(d) 77.8-ke V state. The direct p population is
less than 10% as given earlier in the ground-state
section. From the intensity balance, the unob-
served 6.4-keV transition should have an intensity
of &17%, but a better limit will be obtained below.

(e) 84 17 keV sta. te.-From our value of the
84.17-keV y-ray intensity, (7.0+ 0.3)%, per popu-
lation to the 84.17-keV level; the conversion co-
efficient of the 84.17-keV y ray, 2.8, previously
measured"; our ratio between the intensities of
the 84.17- and 25.65-keV y rays, and the conver-
sion coefficient of 4.18 for the 25.65-keV y ray
discussed earlier; (100+ 11)%%uq of the 84.17-keV
state decays by 84.17- and 25.65-keV transitions.
No 6.4-keV transition to the 77.8-keV state has
been observed, and from the intensity balance its
abundance is &11%. The abundance of the 17.21-
and 18.13-keV transitions will be discussed un-
der the 101.38- and 102.30-keV levels, respec-
tively. The p population to the 84.17-keV level
from the intensity balance is -63'%%uq, with a large

error reflecting the uncertainty in the abundance
of the 17.21-keV transition.

(f) 101 38. ke-V state. The P population to this
level can be crudely determined from the abun-
dance of the 42.6-keV y ray in coincidence with
the 82.02-keV transition. This calculated P popu-
lation, 11%, is only approximate because of the
large statistical error in the coincidence measure-
ment. For +1 standard deviation, the calculated
P population varies from 5 to 27%. The abundance
of a possible 0.9-keV transition from the 102.30-
keV level will be discussed in that section. The
17.21-keV transition has an abundance of 17%
from the intensity balance, but with a. large un-
certainty reflecting that in the p population.

(g) 102.30-ke V state. The abundance of the
102.30-keV y ray in the 218-keV y-y coincidence
experiment was (3.0+ 0.4)%%uq. This value together
with the singles intensity leads to a total popula-
tion of (15+ 3)%. The abundance of the y transi-
tions feeding this level is 9.3'%%up which leaves a P
population of (6+ 3)%%uo. The abundance of the 18.13-
plus 0.9-keV transitions is then (15+ 3)% as the
93.0- and 102.3-keV y-ray transitions have small
intensities. The maximum abundance of the 0.9-
keV transition may be inferred from the work of
Hollander et al."who observed electrons of the
17.21-keV transition prominently in "'Th decay
but not in 'U decay, although the 18.13-keV tran-
sition was even more prominent in the latter case.
As the 0 lines of the 18.13-keV transition were
observed and the M lines of the 17.21-keV transi-
tions were not seen, we assume the 0.9-keV tran-
sition to be less than 10% of the total, or &1.5/p.

No electrons of the 0.9-keV transition have yet
been observed.

(k) 174 10 keV .sta-te. The intensity of the 44-
keV y ray will be discussed under the 218-keV
level. The intensity of the direct P decay which

populates this state is obtained from the intensity
balance of the transitions, and the error reflects
that in the 44-keV transition.

(i) 183.47-ke V state. The intensity of the 63.8-
keV transition will be discussed under the 247.33-
keV level. The abundance of the P decay to this
level is determined from the transition intensity
balance. The error reflects the uncertainty in

the y-ray singles intensities.
(j) 218.23-ke V state. The abundance of the 44-

keV y ray in coincidence with the 89.94-keV y ray
was (0.24+ 0.16)%%up. This is presumably an M1+E2
rotational transition. We have used a conversion
coefficient of (100+ 30) which assumes the transi-
tion to be predominantly M1 with an M1-E'2 mixing
ratio for electrons eqgal to that found for the 63.8-
keV rotational transition by Holtz. '4 The abun-
dance of the 44-keV transition is then (0.40+0.4)%%uo.
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The P abundance to this level was obtained from
the transition intensity balance and the error re-
flects the uncertainty in the intensity of the 44-
keV transition.

(0) 247.33 keV-state. The abundance of the 63.T-
keV y ray in coincidence with the (81.18+ 82.02)-
keV y rays was (0.30+0.06)%. From the relative
L subshell intensities of Holtz for this Mi+E2
transition and theoretical conversion coefficients"
we calculated a conversion coefficient of 19. The
abundance of the 63.7-keV transition is then (0.94
+ 0.18)%. The P abundance to this level was ob-
tained from the transition intensity balance. The
error reflects the uncertainty in the y-ray singles
measur em ent.

IX. CORIOLIS EFFECTS

In ¹ilsson's" treatment of single-particle states
in deformed nuclei, two interactions, which some-
times are prominent, were not included. One of
them, the Coriolis interaction, was treated ini-
tially by Kerman" in his study of the energy levels
of "'W and has been observed extensively in heavy
nuclei. The other involves an interaction between
states whose principal quantum numbers differ by
2 and has also been observed but less often.

The Coriolis interaction occurs between states
with the same spin and parity but whose K quan-
tum numbers differ by +1. The magnitude of the
interaction depends on the strength of the interac-
tion matrix element and the energy spacing of the
interacting states. The effect of the interaction is
to alter the energies of the levels, and to intro-
duce impurities in the wave function. This latter
effect will influence e, p, and y transition prob-
abilities.

(a) Energy levels. A Coriolis calculation was
made of the expected energies of the observed
even-parity states considering the interaction be-
tween the &+(660), T+(651), &+(642), &+(633),
and f + (624) orbitals. The secular equations for
each spin were solved by using a computer pro-
gram BETABLE written by Thomas P. Clements
of this laboratory. This program solved the secu-
lar determinants for all the spin values involved,
simultaneously adjusting all the parameters until
a least-squares fit to the experimental energy lev-
els was made. The program also gives the ad-
mixtures in the wave functions for the final fit.

The energies of the unperturbed quasiparticle
states were obtained with the following equation":

E, =[(s, —X)'+ZP]"',

where e,. are the Nilsson single-particle ener-
gies, "2A is the even-even energy gap, and A. is
the energy of the Fermi surface. We used inter-
polated Nilsson eigenvalues e, for a deformation

TABLE VII. Theoretical and fitted values of the pa-
rameters used in the energy level calculation.

Parameters Fitted value Theoretical value

+3/2
@5/2

&8/2
'

b+1/2 3/2
b

+3/2 5/2

+5/2 7/2
a,b

a, b
+7/2 9/2

/2
h'/23

400 keV
0 keV

34.6 keV
700 keV

1732 keV
—44.4 keV
-22.4 keV
—60 keV
—52 keV

3.7
9.2 keV

200 keV
0 keV

30 keV
700 keV

1732 keV
-60.7 keV
-59.4 keV C

—60 keV c
c

6.5
8.4 keV d

~ Held constant in the calculation.
Ar r+~=-" /2~ &K+&~j+~K& ~

~ Using (K+1( j+ ~ K) from Ref. 20, and K /23=9. 2
keV.

From the even-even adjacent nuclei.

of 6=0.23 and a value of 0.63 for A. The energy
of the Fermi surface was selected as 100 keV
above the —,

' —(530) orbital to obtain 30 keV be-
tween the -,

' +(651) and ~+(642) orbitals. This
gave a Coriolis interaction between these orbitals
strong enough to invert the spin ~3, &, and ~7 mem-
bers of the z+ (651) rotational band.

The T+ (660) orbital was predicted to be 200 keV
above the v3+ (651). We used in our calculations,
however, a value of 400 keV since we should have
detected the state if it were as low in energy as
200 keV.

Once the calculation was performed, the pro-
gram normalized the final perturbed energies for
the best fit to the lowest energy state, which in
this case was the 84.17-keV level. We fitted the
101.38-, 102.30-, 111.62-, 183.47-, and 247.33-
keV states using the following variable parame-
ters: 8'/23, the rotational constant; a„„ the de-
coupling constant of the T+(660) rotational band;

A&/2 3/2 the Coriolis matrix element between the
T+(660) and T+(651) orbitals; A„»„, the Cori-
olis matrix element between the vs+ (651) and

T+(642) orbitals; E»„energy of the unperturbed
T+ (642) orbital.

With five known energies and five variables,
the calculation of course gave exact agreement.
The fitted values of the parameters, however,
were reasonable when compared to theoretical
expectations as shown in Table VII. The theoreti-
cal Coriolis matrix elements used here were cal-
culated from ¹ilsson-type wave functions by Bunk-
er and Reich." The reduction in the fitted values
for A„, „,and A.„,„,is not unusual as reduc-
tion factors of up to 2 or 3, possibly due to pair-
ing correlations, are normally found for interac-
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TABLE VIII. Admixtures in the wave functions of observed even-parity states in 23~Pa.

Energy
(keV)

84.17

101.38

102.30

111.62

183.47

247.33

Spin

3
2

9
2

5
Y'

~9+(624)

0.0189

p+ (633)

0.162

0.209

0.190

Admixtu res

y~ + (642)

0.607

0.709

0.654

0.794

0.660

&3+ (651)

0.765

0.668

0.990

0.665

-0.571

-0.700

y+ (660)

0.217

0.156

0.138

0.292

-0.210

-0.205

tions between states near the Fermi surface. ""
The value 3.7 for the decoupling parameter of

the T+(660) rotational band is smaller than the
theoretical value 6.5, but similar to the experi-
mental value of 4.5 reported by Borggreen, Lgv-
hgiden, and Weddingtonss for the same orbital in
159Gd

It should be noted that this set of final values of
the parameters is not unique, that is, the same
energy levels can be reproduced using different
set of values for the parameters which mere not
varied in the calculation. This set, however, is
the best that can be obtained with the present ex-
perimental data and should be adequate for calcu-

lation of a, P, and y transition probabilities. In
Table VIII are tabulated the calculated admixtures
of the various Nilsson orbitals in the wave func-
tions of the states just discussed.

(b) y-ray transition Probabilities. Electromag-
netic transition rates in "'Pa are expected to be
influenced by the strong Coriolis coupling between
the even-parity rotational bands.

We have calculated the reduced transition prob-
ability of the M1 y rays which deexcite the 183.47-
and 247.33-keV states taking into account the ef-
fect of the Coriolis mixing of the rotational bands.
In this case, the M1 reduced transition probabil-

ity is given by:
2

B(M1,I- I') =
( g a//b//, [(I1 KK'-K

~
I 1I' K') GM1(K- K')

KK/

+ (-1) ' (I1K-K' -K~ ili' -K')GM1(K- -K')](Ur U, + V V,) )' (2)

where a~ and b~, are the admixtures in the
wave functions of the upper and lower states,
respectively, and they are given in Table VIII;
GM1(K- +K') are the y-transition single-particle
matrix elements, "U~ and V~ the pairing coeffi-
cients, "and the quantities in brackets are Clebsch-
Gordan coefficients.

The matrix elements GM1(K-+K') were calcu-
lated with the formulas given in Ref. 27 using the
gyromagnetic factors g, =1, g„'=Z/2=0. 39, and

gg 0'6gs, g ee 3 35. The Nilsson coefficients 4

in the uncoupled basis were obtained from those
given by Davidson'4 for proton states in the cou-
pled representation (C/„).

The pairing factors (Ur U», + Vr Vr, ) are all e|lual
to unity except those which correspond to the K
= T and T rotational bands, i.e., (U„,U„,
+V~/~V, 2) and (U3/QU5/2 V3/2V5/2) As the cor-
rection of the Coriolis matrix elements for the
pairing correlation effect is the same as for M1

I

transition probabilities, "the pairing factors men-
tioned above are given by the ratio between the
Coriolis matrix elements used in the best fit and
the theoretical values. These factors are, re-
spectively, 0.73 and 0.38.

Our calculated branching ratios considering both
pure (column 3) and mixed (column 4) rotational
bands are compared with the experimental results
in Table IX. The g2 component of the 99.30-keV
y ray was found to be -65% from the L, /Lz sub-
shell ratio given in Ref. 14, and this component
was removed from the experimental branching ra-
tio. The calculation was performed with a com-
puter program MIXING .'"

The four experimental ratios shown in Table IX
agree much better with the theoretical values de-
duced from the mixed wave functions than with the
Clebsch-Gordan coefficient ratios (pure wave func-
tions). The discrepancy of a factor of 4 between
theory and experiment for the ratio of B», , /B„„
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TABLE IX. Reduced Ml electromagnetic-transition probability ratios for even-parity states in ~pa.

By~ /B

year

B82/B 81

B98/B 8i

B (35 7/B183

B (48/B

I; Iy, If I

5 7 3

5 3
Y'2~ Y
7 9 5
Y I& P
7 7 5
7 7&Y

0.0714

0.428

0.156

0.71

0.29

0.01

0.22

0.30

Theoretical value
Pure state Mixed state

Experimental
value

0.49 + 0.07

0.02

0.87 ~ 0.12

0,31+0.05

however, indicates the need for further improve-
ment in the wave functions.

(c) a Partict-e transition probabilities. The
ground-state n decay reduced transition probabili-
ties for nuclides with even number of neutrons
and protons follow closely to theoretical expecta-
tions and are normally described as unhindered
n decay. " Although odd-mass n emitters often
have n transition probabilities which are highly
hindered, in those cases where the parent and

daughter states have the same single-particle
configuration, this hindrance is usually about a
factor of only 1 or 2. These transitions are called
favored. In some nuclei other states may interact
strongly with the favored levels and hence contain
admixtures of them and likewise receive a sub-
stantial e population.

"'Np n decay demonstrates this type of interac-
tion as the o. populations to the 84.17- and 183.47-
keV states each have a low hindrance factor of
about 4.3. These states interact strongly by the
Coriolis interaction and have rather impure wave
functions. We have used an equation similar to
that used by Pilger et p/. ' in the e decay of "'U

to calculate the expected hindrance factors:

1 1 a~~ a~~ (I, L, KG~ I;I I~ K~)
HF N

L,=O, 2, 4 K= 3/2, 5/2 I {e-e)

where HF is the hindrance factor for the a decay
to states strongly perturbed by the Coriolis inter-
action, N is a factor generally between 1 and 2
which expresses the hindrance of the favored tran-
sition over the even-even value, aKI are the ad-
mixtures of K=7 and K=T in the parent and daugh-
ter states, HF«, „are the hindrance factors
from the adjacent even-even nuclei for L = 0, 2, 4
a waves with respective values of 1.0, 1.18, and
35, and the quantity in brackets is a Clebsch-Gor-
dan coefficient.

Although this equation ignores unfavored decay
between states of different Nilsson configurations,
the only transition of concern here is that between
the K= ~ and K= & rotational bands. Poggenburg,
Mang, and Rasmussen" have shown that it is ex-
pected to be hindered by about a factor of 400 so it
would only be of major concern in the e population

TABLE X. Experimental and theoretical n-decay hindrance factors and P-decay ft values for even-parity states in
23k pa

Level energy
(keV)

Experimental n Calculated e hindrance factor Experimental Calculated P (ft && 10 5)

Spin hindrance factor a3/2—-0.1, X =2.42 a3/2 =0.2, N = 2.87 p(ft x 10 ) Pure state Mixed state'

84,17

101.38

102.30

111.62

183.47

247.33

304

?r
3

r
5

7r
2

4.3

&420

4 4

80

5.7

1109

38

4.4(norm)

22

62

251

4.4(norm)

23

~20 381

5.5 *0.2
4.7 *0.1

40(norm)

5.4+ 0.6 11.5 5.6 + 0.3

4.6 + 0.5 4.6(norm) 4.6(norm)

The listed errors reflect only the uncertainty in U3/2 and U5/2 caused by the experimental errors in the p populations
to the 102.30- and 183.47-keV levels.
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to the spin-~ state at 102.30 keV.
The values for the a,dmixtures in the daughter

nucleus were taken from Table VIII. As the par-
ent admixture of K= ~3 is unknown, we calculated
abundances using admixtures of 0.1 and 0.2 of K
= ~3, respectively, in the parent nucleus. The cal-
culated and experimental hindrance factors are
shown in Table X.

The agreement here is about as good as one gen-
erally obtains in a Coriolis calculation" of e-de-
cay probabilities. The failure of an exact quanti-
tative agreement probably lies not only in the un-
certainties in the Coriolis admixtures in the par-
ent nucleus and the neglect of the less prominent
intrinsic decays but in a partial failure" of the
Bohr, Froman, and Mottelson model. "

(d) p deca-y transition Probabilities. In Table
X are shown the experimental ft values for the
even-parity states in "'Pa populated in the p de-
cay of "'Th, and the relative values calculated
with pure and Coriolis-mixed wave functions. The
equations used for the calculations were, respec-
tively:

~G».» (r 1K) Ky —K; I v I lf &p)

1
Z a»to», » U»
3/2, r,

x (z 1 Kz Kz -K,
~ z 1 Iz K&) ( (4)

f is the integrated Fermi function, t is the partial
p-decay half-life, K, for the "'Th ground state is
&, G«are proportional to the p-decay matrixf
elements between the states K; and K&, U~ are

Ky
the pairing coefficients for the final states, a~
are the Coriolis admixtures taken from Table VIII,
and the other quantities are described in part (a)
of this section.

We considered the Fermi interaction to be neg-
ligible, "and for pure Gamom- Teller allowed tran-
sitions the G~ ~ could then be calculated from

KqEy
Nilsson equations" for M1 electromagnetic transi-
tion probabilities. The calculated values for
G3/2 3/2 G3/2 5/2 and G5/2 7/2 are 0.307, 0.72 1, and
1.05, respectively. The values of U3/2 and U5/2

are 0.57 and 0.98„respectively, and are deter-
mined from the ratios of the experimental ft val-
ues to the 102.3- and 183.4-keV states together
with the pairing factor 0.38, discussed in Sec.
IXb U7/2 was taken as unity for the K = z particle
state which lies far from the Fermi surface.

The P population to the 102.30-keV state, which
is not Coriolis admixed with higher K values,
agrees mell with the value calculated with pure
wave functions while the populations to the 101.38-

and 84.17-keV states, which are strongly Coriolis
admixed with higher K values, are much higher.
The agreement is much better mith the Coriolis-
mixed wave functions which include pairing corre-
lation. The discrepancies in the values for the
84.17- and 101.38-keV states may be due in part
to the experimental uncertainty in the way the t4%

P population to these two states is divided.

X. CONCLUSIONS AND SUGGESTIONS

(1) Nilsson level assignments have been made
for three low-lying rotational bands in "'Pa in
addition to the previously assigned ground-state
rotational band.

(2) The energy spacings in two of the even-par-
ity rotational bands have been explained in terms
of Coriolis interactions, and Coriolis admixtures
mere determined for each observed state.

(3) The n-particie, P- and y-ray transition
probabilities to even-parity levels in "'Pa were
calculated with the mixed wave functions, and
these results explained what otherwise would have
been very anomalous experimental values.

(4) More precise values of experimental inten-
sities are needed for low-energy electrons in or-
der to better evaluate the effect of the Coriolis
interaction in "'Th P-decay intensities. Quanti-
tative intensity measurements of the low-energy
"'Th conversion electron spectrum would be help-
ful especially for the 17.3-keV transition and also
the expected 19.3-, 9.3-, and 6.4-keV transitions.

(5) The "'Th(o. , t)"'Pa reaction may give the en-
ergies of the unobserved z+ (660) and v7+(633)
orbitals. This would permit a more precise de-
termination of the Coriolis admixtures and per-
haps resolve the discrepancies between theory
and experiment in the value of the z+ (660) de-
coupling parameter and the ratio of the intensi-
ties betmeen the 135.77- and 163.16-keV y rays.
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